A point mutation in the thi1 gene, involved in the synthesis of thiamin, has been identified in a tz-201 mutant line of Arabidopsis thaliana. The mutation occurs in a conserved protein domain and prevents the mutant plants from synthesizing thiamin. Complementation assays in yeast thi4 mutant confirm that this mutation hinders thiamin synthesis and, thus, is responsible for the tz phenotype. Northern blot analyses indicate that, in contrast to the yeast homologue, thi1 expression is not influenced by the presence of thiamin; however, reduced transcription of the gene is observed in roots and dark grown plants.
Thiamin (vitamin B1) is an essential nutrient for the cell. Its coenzymic form -thiamin pyrophosphate (TPP) -is involved in essential reactions of carbohydrate metabolism such as glycolysis, the citric acid cycle, and the pentose-phosphate cycle. Thiamin is formed in the cell by the condensation of pyrimidine and thiazole moieties, which are synthesized independently and then combined to form the active cofactor TPP, also known as cocarboxilase (rev. Estramareix and David 1996 , Spenser and White 1997 , Hohmann and Meacock 1998 . Although much work on TPP-requiring enzymes has been done, the biosynthetic pathway for this vitamin remains poorly understood.
The thi1 gene from Arabidopsis thaliana is homologous to the Saccharomyces cerevisiae THI4, which is involved in thiamin synthesis, more precisely the thiazole ring (Praekelt et al. 1994) . Homologues of this gene have been described in other plant species, archaea and fungi (Choi et al. 1990 , Maundrell 1990 , Manetti et al. 1994 , Praekelt et al. 1994 , Belanger et al. 1995 , Ribeiro et al. 1996 , Jacob-Wilk et al. 1997 . The A. thaliana thi1 gene restores thiamin prototrophy in the thi4 yeast knockout strain and complements its sensitivity to genotoxic agents (Machado et al. 1997) . Interestingly, this gene has also been associated with DNA damage tolerance (Machado et al. 1996) , and THI4 has been proposed to play a role in the maintenance of mitochondrial genome stability in yeast (Machado et al. 1997) .
The THI1 protein has a peculiar N-terminal structure, which targets the protein to both mitochondria and chloroplasts, as shown by immunolocalization data (Chabregas et al. 2001 ). This information is consistent with the evidence that thiazole is synthesized in plant chloroplasts (Julliard and Douce 1991) . There is also evidence that, in yeast, thiazole may be synthesized in mitochondria (Belanger et al. 1995 , Machado et al. 1997 .
In A. thaliana, many thiamin-requiring mutants have been isolated (Langridge 1955 , Feenstra 1964 , Rédei 1965 , Li and Rédei 1969 , Koornneef and Hanhart 1981 , and classified into five distinct complementation groups, according to the loci in which the mutations occur. These groups were named py (chromosome II), tz (V), th-1 (I), th-2 (V), th-3 (IV). Without thiamin supplementation, the py, tz, and th-1 mutants present green cotyledons, but their true leaves are white, and the plants die early during development. The th-2 and th-3 groups are viable, but have a variegated phenotype. The py mutants require pyrimidine or thiamin supplementation for growth, while the tz mutants require thiazole or thiamin. Furthermore, thi1 has been mapped in chromosome V in the tz locus (Ribeiro et al. 1996) , to which thiazole synthesis is attributed. The other three complementation groups (th-1, th-2, and th-3) need thiamin supplementation to restore the normal phenotype.
Here we report the sequencing of genomic thi1 fragments from two wild-type (wt) A. thaliana lines [Columbia (Col) and Landsberg erecta (Ler)] and from a tz-201 mutant. The genomic thi1 sequences obtained from different A. thaliana genetic backgrounds used in our analyses indicated that this gene contains two introns of 123 and 85 bp. The comparison of the DNA sequences obtained from Col and Ler wt genomes revealed a single-nucleotide transition (C to T) between these ecotypes, at position +243 from the ATG. This single nucleotide polymorphism is a silent mutation with no consequence in the encoded amino acid sequence. Sequencing of the thi1 gene in the tz-201 mutant, which is in a Ler background, revealed the same polymorphism, when compared to the wt Col genomic sequence. In addition, another base alteration in relation to the wt Ler, was found in the thi1 gene of tz-201 line (Fig. 1A) . This mutation (also a C to T transition) causes a substitution in the 184th amino acid (Ala®Val) and is located in a highly conserved region among eukaryotic thi1 homologues (Fig. 1B) . All of the six independently isolated fragments that were sequenced showed the same base modification in tz-201, and no other changes in the coding region were observed in comparison to the wt Ler.
Wt and mutant cDNAs derived from RT-PCR were introduced in a yeast expression vector and transferred to the yeast thi4 strain, to assess functional complementation. It was previously shown that the S. cerevisiae strain KBY5, which has a disruption in the gene THI4, cannot grow in minimal medium without thiamin supplementation. Also, the A. thaliana homologue -thi1 -is able to restore its thiamin prototrophy (Machado et al. 1996) . In order to confirm that the mutation detected in the thi1 gene of the tz-201 line is actually abolishing its thiamin biosynthetic activity, we performed the complementation test with the same yeast mutant strain.
KBY5 strain was transformed with three different constructs built in the pG1 yeast expression vector: empty pG1 vector, pG1 with the full-length thi1 cDNA, and pG1 with the mutant tz-201 cDNA. Transformed clones obtained with each of these constructs were plated on minimal medium along with the wt strain, W303. Results were reproducible, and a typical experiment is shown in Fig. 2 . It is clear that the wt gene can restore thiamin prototrophy, as opposed to the empty pG1 vector. The results obtained with the tz-201 construct showed that this alelle is less efficient in thiamin biosynthesis, given that the KBY5 strain bearing the corresponding construction grows more slowly than that transformed with the wt construction, forming smaller colonies (Fig. 2 , -T plate). These data strongly suggest that the mutation in the thi1 gene of tz-201 accounts for the phenotype of the mutant tz-201 plants.
Although the tz-201 mutation causes an exchange between amino acids of the same group, in all other eukaryotes where thi1 homologues have already been reported, the alanine residue in this position is conserved. This may indicate the presence of an important structural or functional region embracing the site where the mutation in tz-201 occurs. Indeed, no complementation of the yeast thi4 disrupted strain was achieved with the tz-201 cDNA construct, whereas the wt gene confers full complementation (Machado et al. 1996 , this work). Consequently, it is concluded that the mutation found in the tz-201 A. thaliana line is responsible for the thiamin auxotrophy observed in this mutant plant line. Homologous complementation of the mutant plant was tried many times by Agrobacterium-mediated transformation, using conventional T-DNA vectors. Although sense and antisense gene transformation of wt plants could be achieved, we never succeeded in obtaining tz-201 transformed plants (data not shown).
Expression analysis of the thi1 gene in mutant and wt A. thaliana was undertaken to evaluate thiamin, visible light and tissue specificity influences and results are presented in Fig. 3 . Plants were cultivated in vitro for 15-20 d prior to RNA extraction. In order to normalize the experiment, an rDNA probe was hybridized to the same membrane, to check RNA deposition on the gel. Also, rbcL probe which is a constitutive chloroplastic gene, was utilized to ensure comparison of the variation in gene expression. Northern blot hybridization profiles (Fig. 3A) and quantitative densitometric measurements (Fig. 3B) showed that no significant difference in expression is detected between mutant and wt due to the presence (+T) or absence (-T) of thiamin. On the other hand, a major effect of light on thi1 expression was observed. When plants grown in a 12/12-light/dark regime were transferred to darkness for 48 h prior to RNA extraction, a reduction in mRNA accumulation of the gene was detected. This result was consistently observed in our experiments. If plants return to regular conditions, thi1 expression is increased, reaching the levels observed in the controls (data not shown). In all the conditions tested, the expression pattern was similar between wt and tz-201 plants, indicating that thi1 mutation in the tz-201 line does not affect transcription. However, it is interesting to note that a significant decrease in rbcL expression occurred in mutant plants grown without thiamin supplementation. Tissue specificity of thi1 expression was also examined in wt plants where leaves and roots kept in standard conditions were studied (Fig. 3) . thi1 gene was highly expressed in leaves in contrast to roots, in which only very low amounts of thi1-mRNA were detected.
High expression rates of the thi1 gene were detected in tissues with intense activity (such as leaves), as previously described for thi1 homologues in plants (Belanger et al. 1995 , Ribeiro et al. 1996 . We observed a decrease in the thi1 mRNA accumulation after 48 h of dark incubation, which had not been previously described for any of the thi1 homologues. Since THI1 is targeted to the organelles (Chabregas et al. 2001) , increased expression in the presence of light correlates with metabolic activity of pathways in which TPP cofactor is needed in the chloroplasts and mitochondria during the day. Recently, it was demonstrated that the THI1 protein targeting Fig. 2 Genetic complementation studies in yeast mutant line. The S. cerevisiae thiamin auxotroph strain KBY5 (THI4::URA3) was transformed with the three different constructs indicated and plated on minimal medium with (+T) or without (-T) thiamin along with the wt W303 strain. pG1 is the empty vector, wt is the vector containing the wt cDNA construct, tz-201 is the vector containing the A. thaliana mutant cDNA. to the organelles is controlled by a post-transcriptional mechanism where an in-frame translational start codon is used in the mRNA to generate the chloroplastic and the mitochondrial isoforms (Chabregas et al. 2003) .
thi1 gene expression did not significantly increase in the absence of thiamin, contrasting with what was observed for the Saccharomyces cerevisiae homologue, THI4 (Praekelt et al. 1994) . Furthermore, in fission yeast, the transcription of the thi1 homologue nmt2 is also markedly controlled by thiamin (Maundrell 1990 , Manetti et al. 1994 . In our studies, very similar amounts of thi1 mRNA were found in plants cultivated with or without thiamin, indicating that in Arabidopsis, thiamin does not significantly regulate thi1 expression. In contrast, rbcL gene expression is reduced in mutant plant line grown in the absence of thiamin. This result may be indicative of either reduced chloroplastic activity in these conditions, or that the gene expression itself is dependent on thiamin. Further analyses need to be conducted to clarify this effect on rbcL gene expression.
On the other hand, a much lower thi1 expression level was detected in roots in comparison to leaves, even though the plants used in these analyses were cultivated in vitro, and thus with their roots exposed to light. This condition dissociates the low expression level in roots from the direct influence of light, indicating that there might also be tissue-specific transcription factors involved in regulation of thi1 gene expression. Promoter fusion strategies will contribute to the understanding of tissue distribution and modulation of thi1 gene expression in roots as thi1 mRNA abundance in this tissue is low and results in discrepant observations (Ribeiro et al. 1996 , Belanger et al. 1995 . Since in plants thiamin is synthesized in chloroplasts, and the THI1 protein has been detected in this cell compartment (Chabregas et al. 2001) , the low levels of mRNA found in roots could be explained considering plastid maturity and, consequently, readiness for thiamin synthesis. These processes probably depend on specific signal transduction pathways and regulators. It is widely known that isolated roots from most plant species cannot grow in vitro without thiamin supplementation (Bonner 1940) . Thus, our results are consistent with the low capacity of roots to synthesize this vitamin.
Briefly, we genetically characterized the A. thaliana tz-201 mutant line and demonstrated that its thiamin auxotrophy is the consequence of a point mutation in a conserved region of the thi1 gene. Thus, this gene is associated with the tz locus. We demonstrated that expression of the thi1 gene is light dependent and thiamin independent. The mutation characterized in the tz-201 line does not affect gene expression in the conditions tested.
Wt A. thaliana plants from Ler and Col ecotypes and the thiamin auxotrophic mutant tz-201 were used in our analyses. The mutant line tz-201 (Ler background) was acquired from the Nottingham Arabidopsis Stock Center, U.K. This line NW90 (tz-201) was originally obtained by ethyl methane sulphonate treatment and is unable to grow in the absence of thiazole or thiamin (Feenstra 1964) ; NW90 mutation maps at the tz locus (tz-201 allele), in chromosome V.
Plants were cultivated in soil and in vitro. For the in vitro cultures, Murashige and Skoog medium (Sigma-modified basal salt mixture; M0153, Nitsch vitamins, pH 6.5) -was solidified with 6.5 g liter -1 phytagar (Gibco BRL, Life Technologies, Eggenstein, Germany) and poured into Petri dishes. For plants in soil, pots were filled with a 1 : 1 soil and vermiculite mixture, and arranged in a 20´35 cm tray. One to three seedlings were left per pot until they reached maturity. A 12-h photoperiod was set (150 mE white light supplemented with gro-lux lamps), and an average of 50% relative humidity was established. Ca. 100 ml of a 0.1% thiamin solution was added twice a week over the soil in the pots containing mutant plants. Seeds were collected from plants cultivated in vivo, dried, and stored at room temperature.
A. thaliana genomic DNA was isolated from Ler and Col wt plants and from the tz-201 mutant line, as previously described (Dellaporta et al. 1983) . The genomic portion encompassing the transcribed region of the thi1 gene was amplified by PCR using specific sets of primers, which originated three overlapping fragments. The sizes of the fragments obtained were 498 bp, 973 bp, and 546 bp, overlapping each other by 118 and 36 nucleotides, respectively. Altogether a fragment of 1,863 bp was recovered from the genome for each ecotype. Aliquots of 300 ng of DNA and 20 pmol of each primer were used in 50 ml reactions. Amplification was performed in 35 cycles of 1 min denaturation (95°C), 1 min annealing (45-55°C, depending on the primer), and 2 min extension (72°C), with an initial denaturation period of 5 min at 95°C and a final extension of 3 min at 72°C.
RT-PCR reactions were made using the "Superscript™ One Step™ RT-PCR System" (Gibco BRL, Life Technologies, Eggenstein, Germany). RNA was extracted using TRIzol ® reagent (Gibco BRL, Life Technologies, Eggenstein, Germany), as recommended by the manufacturer. Primers used in the RT-PCR reactions were: (a) 5¢-CTGAATTCATGGCTGCCAT-AGCT-3¢; (b) 5¢-CTGAATTCTTAAGCATCTACGG-3¢. PCR and RT-PCR fragments were subcloned into pGEM plasmids (pGEM-T-easy vector system II, Promega Corp.) and transferred to an E. coli DH5a strain. Plasmid DNA was recovered and sequenced (ABI Prism, 310 Genetic Analyzer, Perkin Elmer Applied Biosystems, Foster City, CA, U.S.A.) using a DNA sequencing kit (BigDye Terminator Cycle Sequencing Ready Reaction, PE Applied Biosystems), as recommended by the manufacturer. Following sequencing, Clustal alignment of the PCR-derived fragments was carried out (Thompson et al. 1994) .
Yeast strains W303 (mata, ade2-1, trp1-1, leu2-3-112, can1-100, ura3-1, his3-11-115) and KBY5 (as W303, but THI4::URA3) (Praekelt and Meacock 1992) were obtained from laboratory stocks. Cells were grown on YPD medium (1% yeast extract, 2% bacto peptone, and 2% dextrose) at 30°C in a shaking incubator at 250 rpm. cDNA fragments derived from RT-PCR were subcloned in the pG1 expression vector (Schena et al. 1991) , under control of the constitutive glyceraldehyde-3-phosphate dehydrogenase gene promoter. Yeast cells were transformed by electroporation, and selection was performed by plating on tryptophan-free media.
For the thiamin auxotrophy complementation test, transformed clones, as well as the wt strain, were grown overnight in Wickerham's minimal medium supplemented with thiamin (Wickerham 1951) . Cells were then pelleted, resuspended in two volumes of 10 mM MgSO 4 , and spread on minimal medium plates without thiamin. Cell growth was examined after 48-76 h incubation at 30°C.
RNA from in vitro-grown plants (15-20 d) was extracted using TRIzol ® reagent. About 5 mg of RNA were denatured and loaded into a 6.7% formaldehyde/1.5% agarose denaturing gel. The RNA samples run into the gel were transferred to nylon membranes (Hybond™-Amersham) and probed with the thi1 cDNA under high stringency conditions [7% SDS, 1 mM EDTA, 0.5´ sodium phosphate buffer pH 7.4 (Sambrook et al. 1989) at 65°C] for 18 h. As control probes, an A. thaliana small subunit rDNA fragment and rbcL (large RUBISCO) gene were used. The probes were labeled with 25 mCi of [
32 P]adATP with DNA polymerase I and random primers (Sambrook et al. 1989) .
